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In this paper, two design codes for the flexural design of Fibre Reinforced Polymer (FRP) bar 38 
reinforced concrete beams have been reviewed and compared with the results of the 39 
experimental investigations of eight GFRP (Glass Fibre-Reinforced Polymer) bar reinforced 40 
concrete (GFRP-RC) beams.  It has been demonstrated that experimentally determined load 41 
carrying capacities, maximum deflections and energy absorbing capacities have been over-42 
predicted by the relevant code recommendations for the under-reinforced and balanced GFRP-43 
RC beams while being under-predicted for the over-reinforced GFRP-RC beams. This paper 44 
will provide a better understanding on the design methods in the two codes to the designers and 45 
rational suggestions for further improvements to the code design recommendations. 46 
 47 
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1. Introduction 49 
Traditional Reinforced Concrete (RC) structures exposed to highly aggressive environments 50 
are susceptible to corrosion of the steel reinforcement, resulting in the loss of durability and 51 
serviceability. To counteract this problem, Fibre Reinforced Polymer (FRP), as a non-corrosive 52 
material, can substitute traditional steel reinforcement in RC structures. The FRP is a composite 53 
and anisotropic material containing fibres embedded within a polymeric matrix. The advantages 54 
of FRP include high strength to weight ratio, non-conductivity, electromagnetic neutrality, and 55 




low maintenance costs over the service life of the structure may make FRP a feasible option. 57 
The FRP reinforcement can be used in the form of plates or sheets as external reinforcement [1-58 
3] or as the confinement for RC columns [4, 5]. The FRP bars have been recently used as the 59 
internal reinforcement in concrete beams [6, 7]. The most popular types of FRP bar 60 
reinforcement include Aramid FRP (AFRP), Glass FRP (GFRP), and Carbon FRP (CFRP). 61 
Among these FRP reinforcement bar types, the GFRP bars are the most popular due to their 62 
abundance and relatively low cost. The behaviour of GFRP bar reinforced concrete beams was 63 
investigated in recent years [8-21]. It was found that increasing the FRP reinforcement ratio in 64 
GFRP bar Reinforced Concrete (GFRP-RC) beams constructed with normal strength concrete 65 
resulted in a decrease in the maximum midspan deflection and the crack width [20]. Moreover, 66 
GFRP-RC beams constructed with high strength concrete provided improved load carrying 67 
capacity and reduced deflection compared to GFRP-RC beams constructed with normal 68 
strength concrete [22]. Furthermore, the type of GFRP bar (sand coated, helically grooved, or 69 
deformed) and the bar diameter influenced the bond strength and crack width of GFRP bars 70 
with concrete [23].  71 
Recent research investigations have led to the development of design codes for FRP 72 
bars reinforced concrete (FRP-RC) structures including “Guide for the Design and Construction 73 
of Structural Concrete Reinforced with Fiber-Reinforced Polymer (FRP) Bars” (ACI [24]) and 74 
“Design and construction of building structures with fibre-reinforced polymers” (CSA [25]). 75 
However, the code recommendations for the flexural design of GFRP-RC beams have not been 76 
adequately compared with the experimental investigations results. In this paper, design code 77 
recommendations in ACI [24] and CSA [25] for the flexural design of FRP-RC beams are 78 
reviewed. Experimental investigation results of eight GFRP-RC beams tested under flexural 79 
load have been presented. Recommendations in ACI [24] and CSA [25] for the calculation of 80 




of GRRP-RC beams are critically compared with the experimental results. 82 
2. Review of design recommendations for FRP-RC beams 83 
Mechanical and physical properties of FRP bars are significantly different than those of steel 84 
reinforcement bars. FRP is a linear elastic material whereas steel reinforcement is ductile 85 
(Figure 1). The tensile strength of GFRP and CFRP can vary from 483 MPa to 1600 MPa and 86 
600 MPa to 3690 MPa respectively, compared to 483 MPa to 690 MPa for steel reinforcement 87 
ACI [24]). However, the elastic modulus of FRP, especially GFRP, is considerably lower than 88 
the elastic modulus of steel reinforcement (35-51 GPa for GFRP and 200 GPa for Steel) (ACI 89 
[24]). Table 1 summarises the typical material properties of FRP bars and steel bars according 90 
to ACI [24]. Significant differences in the behaviour of FRP reinforced and traditional steel bar 91 
Reinforced Concrete (Steel-RC) beams have led to the development of design 92 
recommendations for FRP-RC beams [19-23]. According to the FRP design recommendations, 93 
the preferred failure mode of FRP-RC beams was concrete crushing, as the beam experiences 94 
some form of “ductility” and plastic behaviour before failure. Rupture of the FRP bars in tension 95 
can be catastrophic and may occur without any warning and should be avoided (as FRP is a 96 
linear-elastic material). Hence, the design philosophy of FRP-RC beams differs from that of 97 
traditional Steel-RC beams. For traditional Steel-RC beams, yielding of steel before reaching 98 
the moment capacity is essential, as it provides ductility and warning of failure. For FRP-RC 99 
structures, failure due to concrete crushing is preferred since it provides pseudo-ductile failure 100 
and warnings before the collapse of the structure. The following sub-sections (sub-sections 2.1 101 
and 2.2) provide a review of the current FRP design code recommendations (ACI [24] and CSA 102 
[25]) for FRP-RC beams in terms of the calculation of nominal flexural capacity (design for 103 




2.1 American Concrete Institute Guide (ACI [20]) 105 
The American Concrete Institute (ACI) Committee 440 developed a guide for the design of 106 
concrete structures with FRP Bars (ACI [24]). The ACI [24] states that the flexural capacity of 107 
FRP-RC beams can be calculated similarly to that of Steel-RC beams. The ACI [24] does not 108 
recommend the use of FRP reinforcement in compression for flexural members due to the lower 109 
compressive strength compared to the tensile strength of FRP bars. Hence, the contribution of 110 
the FRP bars in compression for FRP-RC flexural members was neglected in the design process. 111 
2.1.1 Design for flexure 112 
The recommended failure mode of an FRP-RC member was by concrete crushing (over-113 
reinforced section) which was preferred over the failure due to rupture of FRP bars (under-114 
reinforced section). This was particularly because if the FRP bars reach the rupture strain (𝜀𝑓𝑢), 115 
the failure will be sudden and non-ductile, unlike concrete crushing. For FRP-RC beam, the 116 
balanced reinforcement ratio (𝜌𝑓𝑏) can be calculated by Eq. (1).  117 





  (1) 
where, 𝑓′𝑐 was the compressive strength of concrete at 28 days; 𝐸𝑓 was the modulus of elasticity 118 
of the FRP bar; 𝜀𝑐𝑢 was the ultimate concrete strain (taken as 0.003); 𝑓𝑓𝑢 was the ultimate tensile 119 
strength of the FRP reinforcement; and 𝛽1 was the stress block parameter. The 𝛽1 parameter 120 
was calculated by Eq. (2).  121 
 𝛽1 = (0.85 − 0.05 (
𝑓′𝑐 − 28
7
)) ≥ 0.65  (2) 
To ensure the design of an over-reinforced section, the FRP reinforcement ratio (𝜌𝑓) 122 
should be 1.4 times larger than the balanced reinforcement ratio (𝜌𝑓 > 1.4𝜌𝑓𝑏). The FRP 123 




𝜌𝑓 = 𝐴𝑓 𝑏𝑑⁄  
 (3) 
where 𝐴𝑓 was the area of the FRP tensile reinforcement; 𝑏 was the width of the beam; and 𝑑 125 
was the effective depth of the beam.  126 
However, for the FRP bar rupture to occur before concrete crushing, the FRP 127 
reinforcement ratio must be less than the balanced reinforcement ratio (𝜌𝑓 < 𝜌𝑓𝑏). This is 128 
referred to as an under-reinforced design of an FRP-RC section.  129 
For a balanced failure condition, the FRP tensile reinforcement must reach the rupture 130 
strain simultaneously with concrete crushing (𝜀𝑓 = 𝜀𝑓𝑢 with 𝜀𝑐𝑢 = 0.003), where 𝜀𝑓 is the 131 
strain in the FRP bar. The FRP-RC beam was considered balanced when 𝜌𝑓𝑏 ≤ 𝜌𝑓 ≤ 1.4𝜌𝑓𝑏. 132 
For an over-reinforced FRP-RC beam (concrete crushing governs), the rectangular 133 
stress block can be used to compute the nominal flexural capacity (𝑀𝑛) in terms of the FRP 134 
reinforcement ratio (Eq. (4)). 135 
 𝑀𝑛 =  𝜌𝑓𝑓𝑓 (1 − 0.59
𝜌𝑓𝑓𝑓
𝑓′𝑐
) 𝑏𝑑2 (4) 
where 𝑓𝑓 was the stress in the FRP reinforcement in tension and must be less than or equal to 136 
the ultimate tensile strength of the FRP reinforcement (𝑓𝑓𝑢). The 𝑓𝑓 can be calculated by Eq. 137 
(5). 138 
 









𝐸𝑓𝜀𝑐𝑢 − 0.5𝐸𝑓𝜀𝑐𝑢 ≤ 𝑓𝑓𝑢 
(5) 
For an under-reinforced FRP-RC beam (FRP rupture governs), ACI [24] provides a 139 
conservative and simple method for obtaining the nominal flexural capacity (Eq. (6)). 140 





where 𝑐𝑏 was the distance from extreme compression fibre to neutral axis at balanced strain 141 




 𝑐𝑏 = (
𝜀𝑐𝑢
𝜀𝑐𝑢 + 𝜀𝑓𝑢
) 𝑑 (7) 




) (Eq. (8)). 144 





A conservative strength reduction factor (∅) in flexure is recommended since FRP-RC 145 
beams should have higher reserve strength to account for the lack of ductility. The graph of the 146 
strength reduction factor (∅) as a function of the reinforcement ratio is presented in Figure 2. 147 
2.1.2 Calculation of midspan deflection 148 
The calculation of the midspan deflection in ACI [24] is based on the effective second moment 149 
of area, as provided in Eq. (9). The factor 𝛾 in Eq. (10) is dependent on the load and boundary 150 
conditions and accounts for the length of the uncracked regions of the member and for the 151 
change in stiffness in the cracked regions in the FRP-RC beam. The factor 𝛾 is presented in Eq. 152 
(10) in terms of the applied moment (𝑀𝑎) and the cracked moment (𝑀𝑐𝑟) provided in Eq. (11). 153 













≤ 𝐼𝑔 (9) 
where 𝑀𝑐𝑟 was the cracking moment (Eq. (11)), 𝑀𝑎 was applied moment where 𝑀𝑎 ≥ 𝑀𝑐𝑟, and 155 
𝐼𝑐𝑟 was second moment of area of the transformed cracked section. 156 




 𝑀𝑐𝑟 = (1.24 𝐼𝑔√𝑓
′
𝑐










2.2 Canadian Design Manual (CSA [25]) 157 
The CSA [25] provides background information in relation to FRP materials, design process for 158 
flexure and shear, serviceability limit states, development, anchorage and splicing of 159 
reinforcement, placement of reinforcement and constructability and field applications. The CSA 160 
[25] recommends that the contribution of the compressive FRP reinforcement and the tensile 161 
strength of concrete are ignored. 162 
2.2.1 Design for flexure 163 
For the flexural design of FRP-RC beams, CSA [25] recommends concrete crushing failure 164 
when the factored resistance of a section is smaller than 1.6 times the effect of the factored load. 165 
If the factored resistance of a section is greater than 1.6 times the effect of the factored load, 166 
then failure can be initiated by FRP bar rupture. According to CSA [25], the failure due to 167 
concrete crushing occurs at 𝜀𝑐𝑢 = 0.0035. 168 
In order to calculate the balanced reinforcement ratio of an FRP-RC beam, the concrete 169 
compressive force (𝐶) and tensile force (𝑇) are calculated by Eqs. (13) and (14), respectively. 170 









 was the compressive strength of concrete at 28 days; 𝐴𝑓 was the area of FRP 171 
reinforcement; 𝑐𝑏 was the depth of the neutral axis; 𝑓𝑓𝑢 was that ultimate stress of the FRP bar; 172 
𝛼 and 𝛽 are stress block parameters, which can be calculated by Eq. (15) and Eq. (16), 173 
respectively 174 
𝛼 = 0.85 − 0.0015𝑓𝑐
′ ≥ 0.67 (15) 
𝛽 = 0.97 − 0.0025𝑓𝑐
′ ≥ 0.67 (16) 
The FRP reinforcement ratio corresponding to a balanced failure (𝜌𝑓𝑏) can be 175 














Where the factors ∅𝑐 and ∅𝑓 are the material resistance factors for concrete and FRP. 177 
The factor ∅𝑐 was taken as 0.65 for pre-cast concrete and 0.6 for cast in-situ concrete. The factor 178 
∅𝑓 was taken as 0.75 for CFRP, GFRP and AFRP. 179 
For the failure due to concrete crushing, equilibrium between the compression and 180 
tension forces must apply (𝐶 = 𝑇). The FRP bars do not rupture in this case. Hence, the stress 181 
in the FRP bars was smaller than the ultimate stress (𝑓𝑓 < 𝑓𝑓𝑢). The stress in the FRP bars of 182 












− 1]  (18) 
Hence, the nominal flexural capacity (𝑀𝑛) of an over-reinforced FRP-RC beam can be 184 
calculated by Eq. (19).  185 




where 𝑇 for an over-reinforced section was calculated by Eq. (20). 186 
𝑇 = ∅𝑓𝐴𝑓𝑓𝑓 
(20) 
For the failure to be initiated by FRP rupture (𝜀𝑐 < 𝜀𝑐𝑢 and 𝜀𝑓 = 𝜀𝑓𝑢), the stress block 187 
parameters 𝛼 and 𝛽 cannot be used since the strain in concrete at compression was lower than 188 
the ultimate compressive strain. Previously, the ISIS (2007) [18] recommended using 189 
equivalent stress block parameters for the compressive strength of concrete between 20 MPa 190 
and 60 MPa. However, CSA [25] recommends the use of strain compatibility and the relevant 191 
stress-strain relationships between concrete and FRP bars. The strain in concrete at compression 192 




 𝜀𝑐 = 𝑐𝑏 (
𝜀𝑓𝑢
𝑑 − 𝑐𝑏
) < 𝜀𝑐𝑢 (21) 
To avoid failure immediately after cracking, CSA [25] recommends that the nominal 194 
flexural capacity should be 1.5 times greater than the cracking moment (Eq. (22)). 195 
 𝑀𝑛 ≥ 1.5𝑀𝑐𝑟 (22) 
where 𝑀𝑐𝑟 = 𝑓𝑟𝐼𝑡 𝑦𝑡⁄ ; 𝑓𝑟 is the modulus of rupture of concrete; 𝐼𝑡 is the second moment of area 196 
of the transformed uncrack sections about its centroidal axis; and 𝑦𝑡 is the distance from the 197 
centroid of uncracked section to extreme surface in tension.  198 
2.2.2 Calculation of midspan deflection 199 
The CSA [25] calculates the midspan deflection of the FRP-RC beam using an effective second 200 
moment of area. The effective second moment of area of FRP-RC beams was calculated by Eq. 201 
(24). However, if the service load is lower than the cracking load, CSA [25] recommends using 202 









) (𝐼𝑡 − 𝐼𝑐𝑟)
 
(24) 
where 𝐼𝑡 is the transformed second moment of area. 204 
3. Experimental program 205 
3.1 Preliminary material testing 206 
Nine sand-coated GFRP bars were tested to measure the ultimate tensile strength (𝑓𝑓𝑢), elastic 207 
modulus (𝐸𝑓), and rupture strain (𝜀𝑓𝑢). The GFRP bars with three different diameters were 208 
tested: 6.35 mm (#2), 9.53 mm (#3) and 12.7 mm (#4). Steel anchors were attached to the end 209 
of the specimen using an expansive cement grout, Bristar 100, as recommended in ASTM [24]. 210 
Table 2 provides details of the test specimens including, the free length (𝐿), defined as the length 211 




and experimental results including the mean 𝑓𝑓𝑢, 𝜀𝑓𝑢 and 𝐸𝑓. The stress-strain curves of the 213 
GFRP reinforcement bars were linear up to the point of rupture with no yielding. The design 214 
compressive strengths of the concrete mixes were 50 MPa and 70 MPa. Three cylinders from 215 
each concrete batch were tested to determine the compressive strengths of concrete. The 216 
concrete cylinders tested were 100 mm in diameter and 200 mm in height. The average 217 
compressive strengths of concrete of the three cylinders tested were 47 MPa and 66 MPa at 28 218 
days. 219 
3.2 Details of GFRP-RC beams 220 
Eight GFRP-RC beams were constructed with 100 mm in width, 150 mm in height, 2400 mm 221 
in length, and 15 mm clear concrete cover as shown in Figure 3. The GFRP-RC beams were all 222 
tested under static loading until failure. Six beams were tested under four-point bending and 223 
two beams under three-point bending. The main test variables were the FRP reinforcement 224 
ratios and the compressive strengths of concrete. Three different diameters of FRP bars were 225 
used: 6.35 mm (#2), 9.53 mm (#3) and 12.7 mm (#4), providing reinforcement ratios of 𝜌𝑓 =226 
0.5%, 1%, and 2%, respectively. Two GFRP reinforcement bars were used in compression (to 227 
hold the shear reinforcement and to form the reinforcement cage) and two similar bars were 228 
used in tension. The 4 mm diameter steel stirrups at 100 mm centres were used as shear 229 
reinforcement, as shown in Figure 3b. The experimental setup of these beams was shown in 230 
Figure 4a and Figure 4b. The loads and midspan deflections were measured using a load cell 231 
and a linear potentiometer, respectively. One strain gauge was attached to one GFRP bar in 232 
tension of each beam at the midspan and another strain gauge was attached to the surface of 233 
concrete at the compression zone at the midspan of the beam. In the three-point bending 234 
configuration, the load was applied at the midspan of the beam, whereas in the four-point 235 
bending configuration, the load was applied at a distance of 667 mm (𝐿/3) from the supports. 236 




compare with experimental data. The GFRP-RC beams were designed for three failure modes. 238 
One GFRP-RC beam was designed as a balanced beam, one GFRP-RC beam was designed as 239 
an under-reinforced beam, and the remaining six GFRP-RC beams were designed as over-240 
reinforced beams.  241 
The GFRP-RC beams were labelled (Table 3) in the form A-B-C. The first number (A) 242 
represents the design compressive strength of concrete (47 MPa or 66 MPa), the second number 243 
(B) represents the percentage of the reinforcement ratio (0.5%, 1%, or 2%), and the third 244 
number (C) represents the condition of loading (3 for three-point bending or 4 for four-point 245 
bending). For example, Beam 47-0.5-4 represents the GFRP-RC beam constructed with 246 
concrete compressive strength of 47 MPa, reinforcement ratio of 𝜌𝑓 = 0.5% and tested under 247 
four-point bending. Table 3 presents the experimental maximum load (𝑃𝑒𝑥𝑝), midspan deflection 248 
at the maximum load (∆𝑒𝑥𝑝), and Energy Absorption Capacity (𝐸𝐴𝐶𝑒𝑥𝑝) of the tested GFRP-249 
RC beams. The maximum load was defined as the load corresponding to the first major drop in 250 
the load for the over-reinforced GFRP-RC beams or failure of the balanced and under-251 
reinforced GFRP-RC beams. The data reported in Table 3 was calculated using the material 252 
data obtained from preliminary material testing. The maximum load (𝑃𝑒𝑥𝑝) was calculated for 253 
four-point bending (𝑃𝑒𝑥𝑝 = 6𝑀𝑛/𝐿) and for three-point bending (𝑃𝑛,𝑒𝑥𝑝 = 4𝑀𝑛/𝐿) as well, 254 
where 𝐿 was the clear span length of the beam (𝐿 = 2000 mm). All the GFRP-RC beams were 255 
designed to fail in flexure. 256 
4. Experimental results and discussion 257 
Initially, all eight GFRP beams displayed high bending stiffness (𝐸𝑐𝐼𝑔). However, once cracking 258 
initiated, the stiffness of the beam decreased due to the contribution of GFRP bars with a low 259 
modulus of elasticity. The cracking load was recorded as the load where the first crack in 260 




cracking bending stiffness (𝐸𝑐𝐼𝑒) was shown in Figure 5. For example, in case of the GFRP-RC 262 
Beam 47-0.5-4, with a reinforcement ratio of 0.5%, the post-bending stiffness (𝐸𝑐𝐼𝑒) was 8% 263 
of the pre-cracking bending stiffness (𝐸𝑐𝐼𝑔). Also, the GFRP-RC beams with higher 264 
reinforcement ratio (𝜌𝑓 = 1.0% and 2.0%) had higher post-cracking bending stiffness due to 265 
the higher modulus of elasticity of the #3 and #4 GFRP bars. Hence, GFRP-RC beams with a 266 
higher elastic modulus of the GFRP bars have comparatively higher post-cracking bending 267 
stiffness. 268 
For the two GFRP-RC beams with the same reinforcement ratio (𝜌𝑓 = 0.5%) but 269 
different compressive strengths of concrete (47 MPa and 66 MPa), it was observed that the 270 
post-cracking bending stiffness (𝐸𝑐𝐼𝑒) increased by 7% (from Beam 47-0.5-4 to Beam 66-0.5-271 
4) when the compressive strength of concrete increased from 47 MPa to 66 MPa. On the other 272 
hand, for Beam 47-0.5-4 and Beam 47-1.0-4, with the same compressive strength of concrete 273 
but different reinforcement ratios, it was observed that the post-cracking bending stiffness 274 
(𝐸𝑐𝐼𝑒) increased with the increase in the reinforcement ratio. The post-cracking bending 275 
stiffness of Beam 47-1.0-4 was 1.8 times the post-cracking bending stiffness of Beam 47-0.5-276 
4. This means that the post-cracking bending stiffness of the GFRP-RC beam was influenced 277 
by the reinforcement ratio more than it was influenced by the compressive strength of concrete. 278 
The 
𝜌𝑓
𝜌𝑓𝑏⁄  ratio was calculated according to ACI [24] for all the beams tested and was 279 
presented in Table 3 to determine whether the beams were under-reinforced, balanced, or over-280 
reinforced. The under-reinforced GFRP-RC Beam 66-0.5-4 with 𝜌𝑓 = 0.5% failed once the 281 
maximum load (𝑃𝑒𝑥𝑝) was reached. There was no warning prior to the collapse of the beam with 282 
the rupture of the GFRP bars. Figure 6 shows the failure mode of Beam 66-0.5-4 due to GFRP 283 
bar rupture. Moreover, for the balanced GFRP-RC beams (Beams 47-0.5-4 and 47-0.5-3), 284 




failure, as shown in Figure 7 (only one beam was chosen for presentation purposes since both 286 
balanced GFRP-RC beams showed a similar failure mode). For the under-reinforced and 287 
balanced beams, the readings of the strain gauges at the compressive side of concrete (𝜀𝑐  = 288 
0.0014) were lower than ultimate strain values specified by the design codes (𝜀𝑐𝑢= 0.003) which 289 
confirm the codes predictions. Furthermore, crushing of the concrete cover was the assumed 290 
failure for the six over-reinforced GFRP-RC beams, which occurred at the first drop in the load 291 
(𝑃𝑛,𝑒𝑥𝑝). At the time of failure, all GFRP-RC beams displayed a flexural-critical response with 292 
vertical cracks initially propagating in the pure bending region before moving towards the 293 
supports. These cracks continued to extend through the depth of the GFRP-RC beams towards 294 
the compression zone, as shown in Figure 8 for Beam 47-1.0-4. The over reinforced GFRP-RC 295 
beams continued to sustain load after the first drop in the maximum load (Figure 9), indicating 296 
a sign of pseudo “ductility” or reserve capacity. The readings of the strain gauges at the failure 297 
of the beams were in the vicinity of 0.003, ranging between 0.0027 and 0.0033 and having a 298 
mean value of 0.0029. The load-midspan deflection curves of an under-reinforced, balanced, 299 
and over-reinforced GFRP-RC beam were presented in Figure 9. It can be observed from Figure 300 
9 that the ACI [24] and CSA [25] load-midspan deflection curves reasonably matched with the 301 
experimental load-midspan deflection curves. The initial pre-cracked behaviour of the beam 302 
was captured by both ACI [24] and CSA [25]. The ACI [24] and CSA [25] also captured the 303 
slope of the post-cracking bending stiffness. The ACI [24] showed a bilinear response of the 304 
load-midspan deflection at the nominal load of the GFRP-RC beams, whereas CSA [25] showed 305 
a trilinear response of the load-midspan deflection at the nominal load of the GFRP-RC beams. 306 
Table 3 provides a summary of the experimental results including the maximum load (𝑃𝑒𝑥𝑝) 307 
defined as the load corresponding to the first major drop in the load for the over-reinforced 308 
GFRP-RC beams or failure of the balanced and under-reinforced GFRP-RC beams (Figure 9). 309 




the Energy Absorption Capacities (𝐸𝐴𝐶𝑒𝑥𝑝) of the beams. Adhikary et al. [28-29] used the term 311 
Energy Absorption Capacity (EAC) to define the energy absorbed by the beam and calculated 312 
it as the area under the load-midspan deflection curve. In other words, the EAC was the integral 313 
of the load–midspan deflection graph from zero to the midspan deflection corresponding to the 314 
maximum load (∫ 𝑃. 𝑑∆
∆𝑒𝑥𝑝
0
), where ∆𝑒𝑥𝑝 was the midspan deflection corresponding to the 315 
maximum load. It was noted from Table 3 that as the reinforcement ratio increased, the 316 
maximum load (𝑃𝑒𝑥𝑝) of the GFRP-RC beams increased as well. The maximum loads for the 317 
GFRP-RC beams with 1% reinforcement ratio for Beams 47-1.0-4 and 66-1.0-4 were 39.18 kN 318 
and 42.65 kN respectively. Upon increasing the reinforcement ratio to 2%, the maximum loads 319 
increased to 49.7 kN and 49.53 kN for Beams 47-2.0-4 and 66-2.0-4, respectively. The increase 320 
in the maximum loads was 27% and 16% for the increase of the reinforcement ratio from 1% 321 
to 2%. However, for the increase of the reinforcement ratio from 0.5% to 1%, the increase in 322 
the maximum load was significantly larger. Beams 47-0.5-4 and 66-0.5-4 had maximum loads 323 
of 13.7 kN and 15.52 kN, respectively, whereas Beams 47-1.0-4 and 66-1.0-4 had maximum 324 
loads of 39.18 kN and 42.65 kN, respectively. The increase in the maximum loads (186% and 325 
175%) for beams with a reinforcement ratio of 0.5% compared to beams with a reinforcement 326 
ratio of 1% was significantly larger than the increase in the maximum loads for beams with a 327 
reinforcement ratio of 1% compared to beams with a reinforcement ratio of 2%. This increase 328 
was due to the shift in the failure mode from under-reinforced and balanced failure modes to 329 
over-reinforced failure mode. The GFRP-RC beams that were designed to fail due to GFRP bar 330 
rupture resisted a maximum load that was significantly less than that of the GFRP-RC beams 331 
that were designed to fail due to concrete crushing. Moreover, the influence of the compressive 332 
strength of concrete on the maximum loads of the beams was investigated. Beams with similar 333 




analysed. It was found that an increase in the compressive strength of concrete for beams with 335 
a fixed reinforcement ratio of 0.5% (Beams 47-0.5-4 and 66-0.5-4) experienced an increase in 336 
the maximum load by 13%. 337 
5. Experimental results versus recommendations in FRP design codes 338 
The experimental results obtained from the testing of GFRP-RC beams under four-point and 339 
three-point bending were compared with the FRP design recommendations in ACI [24] and 340 
CSA [25] in terms of the failure mode, nominal load, midspan deflection at the nominal load, 341 
and Energy Absorption Capacity (EAC). Table 3 presents the experimental and code 342 
predictions, in ACI [24] and CSA [25], of the maximum and nominal loads 343 
(𝑃𝑒𝑥𝑝, 𝑃𝑛,𝐴𝐶𝐼 , 𝑃𝑛,𝐶𝑆𝐴), midspan deflections at maximum and nominal loads 344 
(∆𝑒𝑥𝑝, ∆𝑛,𝐴𝐶𝐼 , ∆𝑛,𝐶𝑆𝐴), and EAC (𝐸𝐴𝐶𝑒𝑥𝑝, 𝐸𝐴𝐶𝑛,𝐴𝐶𝐼 , 𝐸𝐴𝐶𝑛,𝐶𝑆𝐴) of the GFRP-RC beams. The 345 
calculations of the reinforcement ratios, nominal loads, midspan deflections at nominal loads, 346 
and EAC in ACI [24] and CSA [25] were based on the data obtained from the preliminary 347 
material testing. It is noted that the stress block parameters used in this manuscript were based 348 
on the recommendations in ACI [24] and CSA [25]. Table 4 presents the comparisons between 349 
the experimental results and the code predictions from ACI [24] and CSA [25]. The results were 350 
presented in terms of the difference (in percent) between the experimental results and the 351 
predictions of ACI [24] and CSA [25]. The positive numbers indicate that the design codes 352 
under-predict the behaviour, whereas the negative numbers indicate that the design codes over-353 
predicted the results. 354 
The ACI [24] and CSA [25] accurately predicted the failure modes of GFRP-RC beams. 355 
Beam 47-0.5-4 with a reinforcement ratio (
𝜌𝑓
𝜌𝑓𝑏⁄ ) of 1.02 (calculated as per ACI [24], where 356 
1.02 was between 1 and 1.4) was balanced and failed due to simultaneous rupture of the GFRP 357 
bars and concrete crushing. Beam 66-0.5-4 with a reinforcement ratio (
𝜌𝑓




than 1) failed due to GFRP bar rupture. The remaining over-reinforced beams with 359 
reinforcement ratios (
𝜌𝑓
𝜌𝑓𝑏⁄ ) higher than 1.4 failed due to concrete crushing on the 360 
compression side. 361 
5.1 Influence of the reinforcement ratio of GFRP-RC beam 362 
The under-reinforced Beam 66-0.5-4 failed at a maximum load of 15.5 kN (Figure 10 363 
(a)) and a midspan deflection at the maximum load of 54.53 mm, Figure 10 (b). The EAC was 364 
calculated to be 518.2 J under four-point bending, Figure 10 (c). The predictions of the nominal 365 
load, midspan deflection at the nominal load, and EAC were 17.2 kN, 59 mm, and 660.36 J, 366 
respectively, according to ACI [24]. The predictions of the nominal load, midspan deflection at 367 
the nominal load, and EAC were 16.5 kN, 64.2 mm, and 644.67 J, respectively, according to 368 
CSA [25]. The ACI [24] over-predicted the maximum load, midspan deflection at the maximum 369 
load, and EAC by 10%, 8%, and 22%, respectively, whereas CSA [25] over-predicted the 370 
maximum load, midspan deflection at the maximum load, and EAC by 6%, 15%, and 20%, 371 
respectively. Hence, both ACI [24] and CSA [25] over-predicted the response of the under-372 
reinforced GFRP-RC beam. 373 
The balanced Beam 47-0.5-4 failed at a maximum load of 13.7 kN and a midspan 374 
deflection at the maximum load of 52.2 mm. The EAC was calculated to be 433.74 J under 375 
four-point bending. The ACI [24] over-predicted the maximum load, midspan deflection at the 376 
maximum load, and EAC by 20%, 15%, and 35%, respectively. The CSA [25] over-predicted 377 
the maximum load, midspan deflection at the maximum load, and EAC by 17%, 21%, and 32%, 378 
respectively. Hence, both ACI [24] and CSA [25] over-predicted the response of the balanced 379 
GFRP-RC beams. 380 
For the over-reinforced beams both ACI [24] and CSA [25] under-predicted the 381 
response of all six over-reinforced GFRP-RC beams in terms of the maximum loads, midspan 382 




loads, midspan deflections at maximum loads, and EAC of the six over-reinforced GFRP-RC 384 
by 38%, 41%, and 65%, respectively. Whereas, the CSA [25] under-predicted the average 385 
maximum loads, midspan deflections at maximum loads, and EAC of the six beams by 27%, 386 
33%, and 52%, respectively. Hence, both codes under-predicted the response of the over-387 
reinforced GFRP-RC beams. 388 
In general, ACI [24] predicted higher nominal loads and EAC than CSA [25], while 389 
ACI [24] predicted lower deflections than CSA [25]. Moreover, for the under-reinforced and 390 
balanced beams, ACI [24] predicted midspan deflections at nominal loads closer to the 391 
experimental results. However, CSA [25] predicted nominal loads and EAC that were closer to 392 
the experimental results. For the over-reinforced GFRP-RC beams, it can be observed from 393 
Table 3 that ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, 394 
and EAC than CSA [25] (𝑃𝑛,𝐴𝐶𝐼 > 𝑃𝑛,𝐶𝑆𝐴,   ∆𝑛,𝐴𝐶𝐼> ∆𝑛,𝐶𝑆𝐴 and 𝐸𝐴𝐶𝑛,𝐴𝐶𝐼 > 𝐸𝐴𝐶𝑛,𝐶𝑆𝐴). The 395 
ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, and EAC by 396 
an average of 27%, 20%, and 43%, respectively than CSA [25]. This means that CSA [25] was 397 
more conservative than the ACI [24] in terms of predicting the nominal loads, midspan 398 
deflections at nominal loads, and EAC. 399 
5.2 Influence of the tensile reinforcement ratio of the GFRP-RC beam 400 
It was observed that both ACI [24] and CSA [25] predicted responses of the GFRP-RC beams 401 
closer to the experimental results in terms of the maximum loads, midspan deflections at 402 
maximum loads, and EAC for a reinforcement ratio of 1% than for a reinforcement ratio of 2%. 403 
For example, for Beam 66-1.0-3 with a reinforcement ratio of 1%, the experimental maximum 404 
load was 32.9 kN. The predicted nominal loads from ACI [24] and CSA [25] were 23.5 kN and 405 
19.2 kN, respectively. The ACI [24] and CSA [25] under-predicted the maximum load by 29% 406 
and 42%, respectively. On the other hand, for beams with 2% reinforcement ratio such as Beam 407 




CSA [25] were 27.6 kN and 22.9 kN, respectively. The ACI [24] and CSA [25] under-predicted 409 
the maximum load by 40% and 50%, respectively. For example, ACI [24] and CSA [25] 410 
predicted the response of Beam 66-1.0-4 closer to the experimental results than Beam 66-2.0-411 
3 in terms of the maximum load, midspan deflection at the maximum load, and EAC. Hence, 412 
the predictions of the ACI [24] and CSA [25] were closer to the experimental results for a 413 
reinforcement ratio of 1% than for a reinforcement ratio of 0.5% and 2%. 414 
5.3 Influence of the compressive strength of concrete of the GFRP-RC beam 415 
It was observed that both design guidelines predicted the response of the GFRP-RC beams 416 
closer to the experimental results in terms of the maximum loads, midspan deflections at 417 
maximum loads, and EAC for beams with a higher compressive strength of concrete. For 418 
example, Beam 47-2.0-4 had a midspan deflection at the maximum load of 59.9 mm. The 419 
predicted midspan deflections at nominal loads by the ACI [24] and CSA [25] for Beam 47-420 
2.0-4 were 33.9 mm and 31.2 mm, respectively. The ACI [24] and CSA [25] under-predicted 421 
the midspan deflections at maximum loads by 43% and 48%, respectively. On the other hand, 422 
Beam 66-2.0-4 had a midspan deflection at the maximum load of 47.3 mm. The midspan 423 
deflections at nominal loads predicted by ACI [24] and CSA [25] were 38.94 mm and 33.67 424 
mm, respectively. The ACI [24] and CSA [25] under-predicted the midspan deflections at 425 
nominal loads values by 18% and 29%, respectively. The predictions were closer for GFRP-RC 426 
beams with the compressive strength of concrete of 66 MPa than for GFRP-RC beams with the 427 
compressive strength of concrete of 47 MPa. The same was observed for the nominal loads and 428 
EAC where the predictions of the ACI [24] and CSA [25] were closer to the experimental results 429 
in the case of beams with a compressive strength of concrete of 66 MPa than beams with a 430 
compressive strength of concrete of 47 MPa. Hence, the predictions of the design guidelines 431 
were closer to the experimental results for the GFRP-RC beams with a higher compressive 432 




6. Conclusions 434 
In this study, eight GFRP-RC beams were tested under static loads. The experimental load-435 
deformation relationships and Energy Absorption Capacities (EAC) were measured and 436 
analysed. The flexural design of the GFRP-RC beams according to the ACI [24] and CSA [25] 437 
was presented. Comparisons between the experimental data and predictions of ACI [24] and 438 
CSA [25] were presented. Based on the results of the experimental and analytical investigations, 439 
the following conclusions are drawn: 440 
1. The failure modes of GFRP-RC beams were accurately predicted by the sectional analysis 441 
techniques used for GFRP-RC beams. The 𝜌𝑓 𝜌𝑓𝑏⁄  ratio held true for the failure mode of all the 442 
GFRP-RC beams. The GFRP-RC beams designed as over-reinforced (𝜌𝑓 𝜌𝑓𝑏⁄ > 1.4) failed due 443 
to the crushing of concrete. The under-reinforced GFRP-RC beams (𝜌𝑓 𝜌𝑓𝑏⁄ < 1) failed by the 444 
rupture of the tensile GFRP bars. The balanced GFRP-RC beams (1 < 𝜌𝑓 𝜌𝑓𝑏 < 1.4⁄ ) failed by 445 
the simultaneous crushing of concrete cover and rupture of GFRP bars. 446 
2. The response of the GFRP-RC beams was found to depend on the reinforcement ratio and 447 
concrete strength. It was found that increasing the GFRP reinforcement ratio increased the 448 
maximum loads of the GFRP-RC beams, regardless of the concrete strength. An increase in the 449 
maximum loads by an average of 22% was observed when the reinforcement ratio of the beam 450 
was increased from  𝜌𝑓 = 1% to 𝜌𝑓 = 2%. However, a significant increase in the maximum 451 
load was observed when the reinforcement ratio was increased from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1%. 452 
The maximum load increased by an average of 180% when reinforcement ratio increased from 453 
𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%. This was because the failure mode changed from GFRP 454 
reinforcement rupture (in case of 𝜌𝑓 = 0.5%) to concrete crushing (in case of 𝜌𝑓 = 1%). 455 
However, it was found that the compressive strength of concrete has less significant influence 456 




3. Design recommendations for GFRP-RC beams provided in ACI [24] and CSA [25] were 458 
found to be conservative and under-predicted the response of the GFRP-RC beams in terms of 459 
the maximum loads, midspan deflections at maximum loads, and EAC for the over-reinforced 460 
beams. Whereas, these guidelines over-predicted the response of the under-reinforced and 461 
balanced GFRP-RC beams. On average, for over-reinforced GFRP-RC beams, CSA [25] under-462 
predicted the maximum load, midspan deflection at the maximum load, and EAC by 38%, 41%, 463 
and 65%, respectively, whereas ACI [24] under-predicted the maximum load, midspan 464 
deflection at maximum load, and EAC by 27%, 33%, and 52%, respectively. As for GFRP-RC 465 
beams failing due to GFRP bar rupture (including both under-reinforced and balanced), CSA 466 
[25] over-predicted the maximum load, midspan deflection at the maximum load, and EAC by 467 
11%, 18%, and 26% respectively, whereas ACI [24] over-predicted maximum load, midspan 468 
deflection at the maximum load, and EAC by 15%, 11%, and 28% respectively. 469 
4. The ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, and 470 
EAC than CSA [25] by a range between 20% and 43%. The CSA [25] was more conservative 471 
in the predictions of the nominal loads, midspan deflections at nominal loads, and EAC than 472 
ACI [24]. Moreover, ACI [24] predicted values that were closer to the experimental results than 473 
CSA [25]. 474 
5. Both ACI [24] and CSA [25] predicted closer results to the experimental results in terms of 475 
the maximum loads, midspan deflections at maximum loads, and EAC for GFRP-RC beams 476 
with high concrete compressive strength (66 MPa) and a reinforcement ratio of 𝜌𝑓 = 1.0%. 477 
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Table 1 Nominal tensile properties of the reinforcing bars (ACI [24]) 
Material properties GFRP CFRP AFRP Steel 
Tensile strength (MPa) 483-1600 600-3690 1720-2540 483-690 
Elastic modulus (GPa) 35-51 120-580 41-125 200 


















6.35 mm (#2) 150 380 680 732 1.96 37.5 
9.53 mm (#3) 400 200 1000 1764 3.18 55.6 












𝜌𝑓𝑏⁄  Experimental ACI [24] CSA [25] 



















47-0.5-4 0.91 1.02 13.7 52.2 433.74 17.20 61.61 662.96 16.5 66.4 635.6 
47-1-4 6.53 7.56 39.18 60.39 1370.89 29.60 40.90 680.07 26.1 37.2 521.27 
47-2-4 11.1 12.8 49.7 59.9 1788.95 34.50 33.93 641.08 30.9 31.15 507.13 
66-0.5-4 0.66 0.7 15.52 54.53 518.2 17.20 59.02 660.36 16.5 64.23 644.67 
66-1-4 5.56 5.94 42.65 56.33 1347.23 34.50 46.87 903.49 28.9 40.6 630.9 
66-2-4 9.42 10.1 49.53 47.3 1290.3 40.30 38.94 857.35 34.3 33.67 612.64 
66-1-3 5.56 5.94 32.91 62.38 1230.77 23.50 36.70 489.89 19.2 31.82 330.2 
66-2-3 9.42 10.1 46.14 58.34 1496.12 27.60 30.53 465.87 22.9 25.81 317.01 
 
Table 4 Experimental results versus the predictions from ACI [24] and CSA [25] 
Beam 
ACI [24] CSA [25] 
 𝑃𝑒𝑥𝑝 ∶ 𝑃𝑛,𝐴𝐶𝐼 
(%) 
 ∆𝑒𝑥𝑝: ∆𝑛,𝐴𝐶𝐼 
(%) 
 𝐸𝐴𝐶𝑒𝑥𝑝: 𝐸𝐴𝐶𝑛,𝐴𝐶𝐼  
(%) 
 𝑃𝑒𝑥𝑝 ∶ 𝑃𝑛,𝐶𝑆𝐴 
(%) 
 ∆𝑒𝑥𝑝: ∆𝑛,𝐶𝑆𝐴  
(%) 
𝐸𝐴𝐶𝑒𝑥𝑝: 𝐸𝐴𝐶𝑛,𝐶𝑆𝐴  
(%) 
47-0.5-4 -20 -15 -35 -17 -21 -32 
47-1.0-4 24 32 50 33 38 62 
47-2.0-4 31 43 64 38 48 72 
66-0.5-4 -10 -8 -22 -6 -15 -20 
66-1.0-4 19 17 33 32 28 53 
66-2.0-4 19 18 34 31 29 53 
66-1.0-3 29 41 60 42 49 73 
66-2.0-3 40 48 69 50 56 79 
Note: 𝑃𝑒𝑥𝑝 is the maximum load defined as the peak load at the first drop in the load-midspan deflection curves and ∆𝑒𝑥𝑝 is the midspan 




Figure 1. Stress-strain behaviour of reinforcement bars based on average values taken from 2 
ACI [24] 3 
 







































































Figure 6. Rupture of GFRP reinforcement bars (Beam 66-0.5-4) 
 
 
Figure 7. Balanced Failure (Beam 47-0.5-4) 
 
 
Figure 8. Flexural response with crushing of concrete cover (47-1.0-4) 
 
 







Figure 9. Load-midspan deflection behaviour: (a) under-reinforced (66-0.5-4), (b) balanced 




Figure 10. Experimental results and design code predictions of Beam 66-0.5-4 1 
